Introduction
Developmental instability (DI) is the sensitivity of a developing trait to random perturbations of developmental processes (Klingenberg, 2003a) . The phenotypic outcome of DI is that developmental trajectories deviate from their predetermined path (determined by genotype and environment). Consequently, observable trait values will deviate from their (unknown) expectations. Most commonly, the degree of asymmetry in bilaterally symmetric traits is used to estimate DI. In doing so, the development of both sides should reflect two independent replicates of the same developmental event. In the absence of any DI, a perfectly symmetric phenotype should emerge unless a genetic predisposition towards a particular direction (i.e. directional asymmetry) occurs. Higher variation in directionally random asymmetry is expected with increasing levels of DI (Van Dongen, 2006) . This type of asymmetry, termed fluctuating asymmetry (FA), has received much attention in ecology developmental instability; evolution; F ST; fish; fluctuating asymmetry; genetic variation; inbreeding; P ST .
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Developmental instability (DI) is the sensitivity of a developing trait to random noise and can be measured by degrees of directionally random asymmetry [fluctuating asymmetry (FA) ]. FA has been shown to increase with loss of genetic variation and inbreeding as measures of genetic stress, but associations vary among studies. Directional selection and evolutionary change of traits have been hypothesized to increase the average levels of FA of these traits and to increase the association strength between FA and population-level genetic variation. We test these two hypotheses in three-spined stickleback (Gasterosteus aculeatus L.) populations that recently colonized the freshwater habitat. Some traits, like lateral bone plates, length of the pelvic spine, frontal gill rakers and eye size, evolved in response to selection regimes during colonization. Other traits, like distal gill rakers and number of pelvic fin rays, did not show such phenotypic shifts. Contrary to a priori predictions, average FA did not systematically increase in traits that were under presumed directional selection, and the increases observed in a few traits were likely to be attributable to other factors. However, traits under directional selection did show a weak but significantly stronger negative association between FA and selectively neutral genetic variation at the population level compared with the traits that did not show an evolutionary change during colonization. These results support our second prediction, providing evidence that selection history can shape associations between DI and population-level genetic variation at neutral markers, which potentially reflect genetic stress. We argue that this might explain at least some of the observed heterogeneities in the patterns of asymmetry. and evolution because it has been shown to increase with various (putative) measures of stress and to correlate negatively with fitness estimates like fecundity, attractiveness, competitive ability, parasite resistance and survival (see reviews in for example Lens et al., 2002a; Polak, 2003; Van Dongen, 2006) . These associations have prompted the suggestion that levels of asymmetry could serve as a general measure of individual and population (genetic) quality and health (e.g. Møller and Swaddle, 1997) . However, patterns are highly heterogeneous and very little is known about the underlying causes of this heterogeneity.
Interest in FA and DI in evolutionary biology is not only limited to its potential as a measure of stress and fitness but also in relation to the evolutionary potential of traits. Because the stability of development may have the capacity to reduce morphological variation and conceal genetic variation (e.g. Breuker et al., 2006) , it has received recent attention in evolutionary biology. Indeed, the process of DI and stress effects upon it affect evolutionary processes and possibly speciation (Badyaev & Foresman, 2000) . It is therefore important to understand if, and when, levels of DI increase because of stress. Attempts to explain the observed heterogeneity in DIstress associations have been both conceptual and statistical (Lens et al., 2002a; Van Dongen, 2006; Polak & Taylor, 2007) . Some studies have indicated that the effects of different types of stress on the levels of DI may not be additive (e.g. Lens et al., 2000) . Furthermore, statistical analyses of FA often have relatively low power at both the population (e.g. Van Dongen, 1999) and individual level. Much of the observed variation in single trait asymmetry at the individual level reflects statistical noise only, and a high amount of between-individual variation in DI is indispensible before FA can reliably reflect DI (e.g. Houle, 1997; Van Dongen, 2006; Whitlock, 1996) . A general explanation for the heterogeneity in patterns in FA might therefore be that many populations do not harbour sufficient variation in DI, a case in which the association between the observable asymmetry and underlying DI is extremely low (Polak & Taylor, 2007) .
Traits that experienced a recent history of sustained directional selection may have been enriched in DI and its variation through the loss of canalizing modifiers (Polak & Taylor, 2007) . Such conditions may increase the likelihood to show associations with measures of stress and ⁄ or fitness (Polak & Taylor, 2007) . Thus, (recent) evolutionary changes may lead to higher DI and ⁄ or stronger associations between DI and indicators of stress. Support for this hypothesis has been mainly derived from the study of traits under sexual selection, where strong directional selection is acting on traits within one sex. Meta-analyses have shown that sexually selected traits often show high levels of asymmetry (e.g. Møller & Hö glund, 1991) and possibly show stronger associations with measures of quality and fitness (Møller & Thornhill, 1998 ; but see Palmer, 1999 for a critical re-evaluation and a reply by Møller et al., 1999) . In gorilla, FA and environmental stress correlated positively in male canines only, a trait under sexual selection. This association appeared to be absent in female canines and both male and female second premolars (Manning & Chamberlain, 1994) . Similar patterns occurred in grizzly bears (Badyaev, 1998) . Furthermore, a link between DI and sexual selection was relatively strong in a population of Drosophila bipectinata undergoing recent evolutionary change in a sexually secondary trait (Polak & Taylor, 2007) . Sö derman et al. (2007) found higher asymmetries in traits with the highest level of sexual dimorphism in Rana arvalis. Yet, these traits did not show a stronger increase in FA with acidification than less dimorphic ones. Similarly, Bjorksten et al. (2000) did neither find increased FA under stress in a sexual selected trait in stalk-eyed flies, nor did sustained directional selection on Drosophila melanogaster wing shape result in higher wing asymmetry (Pelabon et al., 2006) . The above overview of the literature clearly calls for studies that compare levels of DI as well as associations between DI and measures of stress among traits with different selection histories. We predict higher mean levels of FA and stronger associations between FA and putative measures of stress in traits that experienced recent directional asymmetry compared with traits under stabilizing selection.
The three-spined stickleback (Gasterosteus aculeatus L.; Gasterosteidae; Teleostei) forms a highly suitable model system to compare levels of DI and the association between DI and measures of stress among traits that underwent different recent evolutionary changes. This species has a marine origin, but has repeatedly and independently invaded the freshwater environment, undergoing morphological changes in some traits often related to body armour (Bell and Foster, 1994; Leinonen et al., 2006; Marchinko & Schluter, 2007; Cano et al., 2008; and Raeymaekers et al., 2007 for our area) . In order to investigate the role of directional selection in determining levels of DI and in affecting associations between DI and other covariates potentially related to stress, we performed two analyses in the three-spined stickleback. First, we compared levels of DI in coastal (lowland) and freshwater (upland) populations. Secondly, we compared associations between FA and population-level neutral genetic variation between traits with different selection history. We studied three-spined stickleback from the Scheldt and Meuse basin and the coastal regions of Belgium and the Netherlands (Fig. 1 ). In this area, upland freshwater populations diverged postglacially (10 000-16 000 years BP BP) from a lowland ancestor, and observed genetic differentiation suggests a recent evolutionary event (Raeymaekers et al., 2005) . In the upland region, the populations living upstream typically experienced a loss of genetic variation due to low effective population sizes and migration barriers (Raeymaekers et al., 2007 (Raeymaekers et al., , 2008 . Reduced levels of genetic variation, as a measure of increased levels of inbreeding, may increase levels of DI and FA as shown in several studies. More generally and especially in fishes, many studies have shown a positive association between heterozygosity and measures of fitness. However, associations have been weak on average and heterogeneous among study systems, and the underlying mechanism is still under discussion (David, 1998; Thelen & Allendorf, 2001) . Although there is still much debate about the biological relevance of measures of genetic variation at presumed selectively neutral loci (e.g. Amos & Balmford, 2001) , a review has shown a correlation coefficient of 0.43 between population-level fitness and genetic variation (Reed & Frankham, 2003) . Furthermore, FA and DI may act as an early warning system, where levels of DI would increase with stress before fitness is strongly affected (Lens et al., 2002b) . In addition, fitness effects of the loss of genetic variation may only become apparent in combination with other forms of stress (Lens et al., 2000; Amos & Balmford, 2001 ), suggesting that fitness should not necessarily decrease with loss of genetic variation in any situation. As genetic variation at neutral markers may also reflect the evolutionary potential of quantitative traits, it is a biologically relevant character-istic of many natural populations. We therefore argue that associations between FA and neutral genetic variation may be relevant even when the amount of loss in genetic variation under the prevailing environmental conditions may not have resulted in a loss in fitness.
When comparing neutral and phenotypic differentiation between lowland and upland regions, some traits have experienced a recent evolutionary change. The upland ecotype is characterised by the typical loss of body armour, shorter pelvic spines and smaller eyes (Raeymaekers et al., 2007) . On the other hand, changes in other traits like gill rakers and number of rays in the pectoral fin were minor (Raeymaekers et al., 2007) . We hypothesize that for traits showing high differentiation between up-and lowland, FA and associations between FA and genetic variation will be higher in the upland populations.
In this study, we measured asymmetry in a range of traits in a total of 24 lowland and upland populations. First, we compare morphological variation between both sets of populations and determine the degree of phenotypic differentiation (for this particular set of populations) as a proxy for the strength of directional selection. Secondly, we explicitly compare levels of asymmetry Evolutionary history affects associations between FA and genetic variation 1697
between these two sets of populations in order to test if traits under directional selection have elevated levels of DI in the upland populations. Thirdly, we compare associations between FA and genetic variation in the upland populations between traits under varying degrees of directional selection and predict stronger associations for traits that diverged from the ancestral lowland state.
Materials and methods

Study population and sampling methods
Three-spined sticklebacks were sampled at 24 sites in Belgium and the Netherlands in the spring of 2004 ( Fig. 1 ). Six lowland (coastal) samples (coded L) were caught in the polders bordering the Scheldt estuary (L1b, L2b, L3a and L6) and the North Sea (L4 and L5). Five samples originated from the Meuse basin (coded M) and 13 samples originated from the Scheldt basin (coded S or Z). About 50 adult (>30 mm) individuals per site were caught with a dip net or by electrofishing, and flash frozen on dry ice. All individuals were weighed (±0.01 g) and measured for standard length (SL) and total length (TL) (±0.1 cm). We took fin clips and stored them in 100% ethanol for DNA analysis.
Measurements of asymmetry
Pectoral fin rays (PFR) were counted bilaterally on thawed fish (no data available for the Scheldt populations coded with Z). Next, we fixed fish bodies in a 4% formalin solution. Two months later, we rinsed the sticklebacks with water for 72 h, bleached for 4 h (1% KOH bleach solution), buffered for 24 h (30% borax buffer, pH 7.0) and stained with alizarin red S to facilitate plate counts and plate morph registration (Taylor & Van Dyke, 1985) . After staining, we determined the diameter of both eyes (coded EYE) with a digital calliper (±0.01 mm). We measured eye diameter along a vertical straight line on the bony structure of the eye. We removed both pelvic spines (PS) from the fish and stored separately in 100% glycerol. Later on, they were photographed with a Matrox Meteor camera connected with the software program Das (Cam2Disk 2.2) and digitally measured in Image-Pro Plus 5.0 (Media Cybernetics, Silver Spring, MD, USA). Spine length was determined as the straight line connecting the lowest point of the articulation to the spine tip (Mazzi et al., 2002) . The number and position of the lateral plates on the right and left side were determined. We considered anterior nonstructural plates (P1P3), central structural plates (P4P8) and posterior non-structural plates (P9PN) as distinct units (Bergstrom & Reimchen, 2003) . We dissected gills after removal of the gill cover. Large (LGR) and small (SGR) gill rakers were counted on the frontal (LGR-1; SGR-1) and distal (LGR-2; SGR-2) part of the first branchial arch (Peichel et al., 2001) . Final values for all traits were obtained after averaging over two independent measurements, whenever available. Because the length of the pelvic spine and the eye diameter depend on body size, they were divided by the standard length. No such correction was needed for the meristic traits.
We analysed degrees of measurement error and directional asymmetry (systematic asymmetry in a particular direction) using a mixed regression model and descriptive statistics as outlined in Van Dongen (2006) . To investigate if different traits represent independent developmental events, we studied correlations in the signed asymmetries (left-right trait value) to detect developmental integration, and thus traits that share developmental errors. In the case of significant developmental integration, such traits share developmental events.
Genetic analyses
We extracted genomic DNA from fin clips using a silicabased purification method (Elphinstone et al. 2003 ) and assessed allelic variation at fifteen microsatellite loci following procedures in Raeymaekers et al. (2007) , using the QiagenÒ Multiplex PCR Kit (Qiagen, Venlo, the Netherlands). We visualized PCR products on an ABI3130 Avant Genetic analyzer (Applied Biosystems, Foster City, CA, USA). Allele sizes were determined by means of an internal GeneScan 500-LIZ size standard and genotypes were scored using GENEMAPPER ENEMAPPER v. 3.7 (Applied Biosystems). We checked genotypes for scoring errors that might be attributable to stutter-products, large allele dropout or to the presence of null-alleles, using the software MICRO-ICRO-CHECKER HECKER v. 2.2.3 (Van Oosterhout et al., 2004) . Multilocus heterozygosity (MLH) and allelic richness (AR) were calculated based on seven putatively neutral microsatellites (Gac1097, Gac4170, Gac5196, Stn174, Stn23, Stn37, and Stn84) using GENETIX ENETI X v. 4.04 (Belkhir et al., 2002) .
Phenotypic differentiation
We compared the extent of divergence for meristic and metric traits (standardized for size), quantified as P ST , with neutral genetic divergence (F ST ). If selection regimes differ among locations, P ST will be larger than expected based on of neutral loci . We calculated P ST and F ST among each population pair following procedures in Raeymaekers et al. (2007) .
Statistical analyses of patterns in asymmetry
We performed two sets of analyses to test the two hypotheses introduced above. First, we test whether levels of FA were higher in upland compared to lowland populations, especially in traits under directional selection. Secondly, we compare associations between FA and genetic variation at the population level in the upland populations between traits that showed phenotypic divergence under directional selection and those that did not change.
Comparing average asymmetry between lowland and upland populations for different traits
To test our first prediction, we compared average asymmetries across all populations in the lowland and upland regions between traits that did or did not experience recent evolutionary changes. We constructed a linear model with average population FA as dependent variable and a factor CHANGE and the factor upland versus lowland (UP ⁄ LOW) and their interaction as fixed. We added trait (nested within the factor CHANGE) and the trait-by-UP ⁄ LOW interaction as well as population as random effects. A significant interaction between CHANGE and UP ⁄ LOW supports our prediction of higher FA in the upland populations for traits under recent directional selection. The interaction between trait and UP ⁄ LOW was also explicitly tested to explore if differences between lowland and upland vary across traits.
To better understand these possible trait-specific effects, a further exploration was performed. The proportion of trait-specific asymmetries (number of asymmetric elements over the mean number elements across sides) in plate numbers (P1P3, P4P8 and P9PN), gill rakers (LGR-1, LGR-2, SGR-1, and SGR-2) and number of fin rays in the pectoral fin (PFR) at the individual level were analysed using generalized linear mixed models with logit link and binomial error structure. The factors upland vs. lowland (UP ⁄ LOW), trait and their two-way interaction were tested as fixed effects. We decided to analyse the three categories of plate numbers and the four categories of gill raker numbers in two separate analyses. This approach will allow testing for a two-way interaction between trait and UP ⁄ LOW and to compare increases in asymmetry between traits that may differ in functional importance (structural vs. non-structural lateral plates) and ⁄ or phenotypic divergence (frontal vs. distal gill rakers). For PFR a separate analysis was performed. We added population, nested within the category upland vs. lowland, as random effect to take into account the dependency of the data within populations. For eye diameter (EYE) and length of the pelvic spine (PS), the relative asymmetry (unsigned asymmetry divided by trait value) was analysed separately in a similar model (UP ⁄ LOW and trait as fixed effects, population as random effect), assuming approximate normality. To rule out that differences in asymmetry between the lowland and upland populations could be confounded by the loss of genetic variation in the upland populations or by differences in trait size between upland and lowland populations, population-level multi-locus heterozygosity (MLH) and uncorrected individual trait size were added to the above models as covariates.
Comparing associations between FA and genetic variation between traits in upland populations
Average degrees of asymmetry (either a proportion or relative asymmetry for the meristic and metric traits, respectively) for each trait were determined for all 18 upland populations. As only 27 individuals developed plates caudally of plate 8, we omitted P9PN from further analyses. In order to combine metric and meristic traits in the statistical analyses, we standardised average population FA by subtracting the grand mean and dividing by the overall standard deviation for each trait within a single analysis. To be able to compare the degree of association between asymmetry and levels of genetic variation between the groups of traits that did and did not experience a recent evolutionary change during the colonization of the freshwater environment, we used a mixed ANCOVA ANCOVA model. Average standardized asymmetry was used as dependent variable and average population-level genetic variation (MLH) or allelic richness (AR) as covariates. We also added a factor to indicate which traits experienced an evolutionary change or not (CHANGE) as well as its interaction with MLH (or AR) as fixed effect. To take into account that patterns may vary across traits, we added trait (nested within CHANGE) and its interaction with MLH or AR as random effects. Denominator degrees of freedom and standard errors of test of fixed effects were approximated using Kenward-Rogers method. In this way, the tests of fixed effects explicitly take between-trait variation in the associations into account.
Results
Suitability of asymmetry measurements as measures of developmental instability
Measurement error was very low for all traits except for eye diameter where asymmetry and measurement error were almost equally large (Table 1 ). The repeatability of nearly 50% indicates that about half of the variation in the observed asymmetry of EYE is due to real variation in FA. As we mainly focus on population-level analyses, where ME is averaged across all individuals, we retained this trait for further analyses. Furthermore, it is unlikely that the higher ME would generate associations with genetic variation.
In two traits (LGR-2 and EYE), tests for directional asymmetry were statistically significant, and the test remained significant for LGR-2 after Bonferroni correction. However, the degree of directional asymmetry was low relative to the total variation in asymmetry (i.e. low effect sizes in Table 1 ) such that a correction for directional asymmetry will hardly affect results. This lack of directional asymmetry (in spite of high sample sizes) in most traits and a very small level for LGR-2 (i.e. 0.15 SD units, Table 1 ), also shows that there is little evidence for a genetic basis of asymmetry in a particular direction in any trait. Below, we report analyses for data uncorrected for directional asymmetry only, but results for corrected data were almost identical.
Between-trait correlations in signed and unsigned asymmetries (absolute value of signed asymmetry) were very low for most trait combinations ( Table 2 ). The correlation in the signed asymmetry between SGR-1 and SGR-2 was statistically significant and negative, indicating that there is an interaction between those two traits within sides during development. For correlations in the unsigned asymmetries, P9PN appeared to correlate positively with P1P3, P4P8 and SGR-2, suggesting that similar external factors affected levels of DI in these traits. However, because there were no correlations in the signed asymmetries, we regarded the different traits as independent developmental events (Klingenberg, 2003b) . Hence, we treated them as separate units in our analyses.
One argument against the separation of the number of plates in different traits could be that directional selection acted on the major gene underlying plate development (Eda, Colosimo et al., 2005) , and thus that the evolutionary change did not reflect an independent evolutionary event. In spite of the fact that the developmental pathways of the plates appear independent, we explore the effect of treating them as separate traits on the association between DI and genetic variation, by deleting one of them separately and testing the interaction between CHANGE and MLH.
Levels of genetic variation
Average MLH equalled 0.83 (SD = 0.03, range: 0.78-0.87) in the lowland populations and 0.65 (SD = 0.10, range: 0.46-0.80) in the upland populations, a difference that was highly significant (t 22 = 4.3, P = 0.0003). Average AR equalled 12.4 (SD = 0.93, range: 11.0-13.5) in the lowland populations and 7.37 (SD = 1.74, range: 3.83-10.1) in the upland populations, a difference that was highly significant as well (t 22 = 6.67, P < 0.0001). The upland populations show a large range of genetic variation, which is the result of lower effective population sizes and the presence of barriers in upstream populations (Raeymaekers et al., 2008) . As MLH and AR were highly correlated (r = 0.94, P < 0.0001), the observed patterns will likely be very similar.
Phenotypic differentiation
Mean trait values and between-population variations are provided in Table 3 . As shown before in a smaller dataset (Raeymaekers et al., 2007) , upland populations appeared to be characterized by lower plate number (P1P3, P4P8 Table 2 Correlations in the signed (above diagonal) and unsigned (below diagonal) asymmetry between traits of three-spined stickleback. Significant correlations after correction for multiple testing are indicated in bold.
LGR-1
LGR- and P9PN), shorter relative pelvic spines (PS), smaller relative eye diameter (EYE) and slightly fewer large and small frontal gill rakers (LGR-1 and SGR-1) ( Table 3 ; Fig. 2) .
Differences in levels of asymmetry between lowland and upland populations
Average levels of asymmetry did not differ between lowland and upland populations (no significant UP ⁄ LOW effect: F 1,7 = 0.64, P = 0.45), and showed no differences between traits that did or did not show a recent evolutionary change (no significant CHANGE effect: F 1,7 = 0.54, P = 0.48). Furthermore, there was no interaction between UP ⁄ LOW and CHANGE (F 1,7 = 1.35, P = 0.28). However, differences between lowland and upland populations appeared to vary across traits (v 2 1 = 35.1, P < 0.0001). This was explored in the next set of analyses.
Changes in the average degree of asymmetry between lowland and upland populations differed between traits (Fig. 3) . For gill rakers, changes were on average small but not similar for all traits (statistically significant interaction Table 4 ). This interaction appears to be the result of the slight but significant increase of asymmetry in the small frontal gill rakers (SGR-1) in upland populations (Fig. 3) . Asymmetry in lateral plates was higher in the upland populations, and this difference was comparable among traits (no significant interaction; Table 4 ). Asymmetry in the three other traits did not differ between low-and upland populations (Table 4 ).
Associations between asymmetry and levels of genetic variation
Associations between population-level asymmetry and multi-locus heterozygosity differed significantly between traits that experienced either a recent evolutionary change or not (CHANGE: F 1,149 = 0.02, P = 0.88; MLH: F 1,149 = 0.18, P = 0.67; CHANGE*MLH: F 1,149 = 7.20, P = 0.008). This interaction between CHANGE and MLH remained significant when either P1P3 (F 1,131 = 6.48, P = 0.01) or P4P8 (F 1,131 = 8.41, P = 0.004) were removed from the analyses. Thus, patterns were not an artefact of treating the different plates as independent developmental events. Furthermore, this interaction was also significant after removing EYE (having moderate degrees of measurement error, F 1,131 = 6.92, P = 0.01) or PS (potentially showing directional asymmetry in fish with reduced spine lengths as a result of the action of the PitX1 gene (Shapiro et al., 2004, F 1,131 = 5.34, P = 0.02). Thus, the stronger associations between FA and MLH in traits that experienced a recent evolutionary change was not an artefact of including one Table 3 Means and standard deviations among populations and range of the different traits in the lowland and upland populations of three-spined stickleback. For each trait the degree of phenotypic differentiation (P ST and its 95% confidence interval) is also provided. Traits in which we considered the phenotypic differentiation to be higher compared to the neutral expectations (F ST = 0.11, 95% CI = 0.10-0.12) are indicated in bold. Evolutionary history affects associations between FA and genetic variation 1701 particular trait in the analysis. Furthermore, the difference in degree of association between traits that did or did not experience a recent evolutionary change appeared to be consistent among traits as the variance component of the random effects interaction between trait and multilocus heterozygosity equalled zero and thus was not statistically significant. Between-trait variation in FA also equalled zero because FA levels were standardized. Estimated slopes of the regression between average asymmetry and multi-locus heterozygosity equalled )0.28 (SE = 0.09, t 149 = )2.95, P = 0.004) and 0.20 (SE = 0.15, t 149 = 1.33, P = 0.19) for traits that experienced either a recent phenotypic change or not respectively. The negative association between FA and MLH remained significant after excluding P1P3 (t 131 = )2.59, P = 0.01), P4P8 (t 131 = )5.99, P = 0.003), EYE (t 131 = )4.61, P = 0.01) and PS (t 131 = )2.18, P = 0.04). Thus, as predicted, associations were stronger for traits that experienced a recent evolutionary change (Fig. 4) . This interpretation was also supported by the negative association between the degree of phenotypic differentiation between the lowland and upland populations (P ST ) and the correlation between asymmetry and multilocus heterozygosity ( Fig. 5) . Of all single-trait correlations between multilocus heterozygosity and asymmetry, only PS was statistically significant (PFR: r = 0.59, P = 0.10;
LGR-1: r = )0.41, P = 0.09; LGR-2: r = 0.28, P = 0.26; SGR-1: r = )0.11, P = 0.66; SGR-2: r = 0.04, P = 0.86; PS: r = )0.53, P = 0.02; EYE: r = )0.26, P = 0.30; P1P3: r = )0.33, P = 0.18; P4P8: r = )0.04, P = 0.89). The association between multilocus heterozygosity and asym- Table 4 Overview of tests of mixed models comparing levels of asymmetry between upland and lowland populations (UP ⁄ LOW). Gill rakers (LGR-1, LGR-2, SGR-1, SGR-2) and lateral plates (P1P3, P4P8, P9PN) were combined in single analyses. For each trait, means in lowland and upland were connected by line pieces to illustrate the differences. Significant differences were indicated as **P < 0.01 and ***P < 0.001. metry in PS was no longer significant after Bonferroni correction. The positive trend in PFR, albeit not statistically significant, is remarkable. However, PFR was only measured in a subset of populations, and removing this trait from the analysis did not alter the significant interaction between CHANGE and MLH (F 1,140 = 5.43, P = 0.02).
As expected based on the high correlation between MLH and AR, patterns were very similar for AR. Indeed the strength of association between asymmetry and AR differed significantly between traits that experienced a recent evolutionary change or not (CHANGE: F 1,149 = 0.05, P = 0.82; AR: F 1,8 = 0.01, P = 0.93; CHANGE · MLH: F 1,8 = 8.23, P = 0.01), and estimated slopes of the regression between average asymmetry and AR equalled )0.14 (SE = 0.05, t 149 = )2.64, P = 0.01) and 0.15 (SE = 0.09, t 149 = 1.74, P = 0.08) for traits that experienced a recent phenotypic change or not, respectively. As for MLH, of all single-trait correlations between AR and asymmetry, only PS was statistically significant (PFR: r = 0.65, P = 0.06; LGR-1: r = )0.31, P = 0.20;
LGR-2: r = 0.40, P = 0.09; SGR-1: r = 0.00, P = 0.99; SGR-2: r = 0.05, P = 0.84; PS: r = )0.64, P = 0.004; EYE: r = )0.15, P = 0.54; P1P3: r = )0.44, P = 0.07; P4P8: r = 0.05, P = 0.83). After Bonferroni correction, the single significant correlation in PS remained statistically significant (P = 0.004 · 9 = 0.036). As for the analysis of MLH, excluding PFR did not affect the statistical significance of the interaction between CHANGE and AR (F 1,140 = 4.86, P = 0.04).
Discussion
General conclusions
We predicted two patterns in developmental instability for traits with a recent history of directional selection. First, levels of FA should increase, and second, FA in traits that experienced recent evolutionary change should be more sensitive to stress. We found evidence that some but not all traits under presumed directional selection during colonization of the freshwater habitat suffered from increased levels of FA. We also detected a weak but statistically significant negative association between FA and genetic variation in microsatellite markers, but only in traits that experienced this recent Standardized multilocus heterozygosity Average standardized asymmetry
LGR-1 SGR-1 P1P3 P4P8 PS EYE
LGR-2 SGR-2 PFR Fig. 4 Associations between populationlevel multi-locus heterozygosity and standardized asymmetry in 18 upland three-spined stickleback populations for traits that did (left) and did not (right) experience a recent evolutionary change during the postglacial colonization of the freshwater habitat. Estimated regression lines from the mixed ANCOVA ANCOVA model (see text for details) were also added. Evolutionary history affects associations between FA and genetic variation 1703 evolutionary change. Generally, the results presented here fit the framework proposed by Polak & Taylor (2007) that associations between FA and measures of stress and fitness should most likely be found in populations and traits showing recent evolutionary changes. The reason why for example Bjorksten et al. (2000) did not find an association between stress and FA in a sexually selected trait in stalk eyed flies, and Sö derman et al. (2007) did not detect any differences in FA-stress association among traits that differ in degree of sexual dimorphism might be that the directional selection in these studies might be of more ancient origin. Evolutionary changes in the three-spined stickleback here, and in many other areas, are relatively recent and these changes can be extremely rapid. This recent and fast evolution may be a prerequisite for the increase in the sensitivity of a developing system to stress factors.
Increase of FA in freshwater populations in traits under directional selection
The expected increase in asymmetry under directional selection was not statistically significant overall and only observed for lateral plate numbers (P1P3, P4P8, P9PN) and to a smaller extent for the frontal short gill rakers (SGR-1). In contrast, frontal long gill rakers (LGR-1), length of the pelvic spine (PS) and eye diameter (EYE) did not show this expected increase although P ST values were above neutral levels of genetic differentiation (F ST ). This heterogeneity does not seem to be related to the degree of phenotypic divergence (P ST ) as the pelvic spine had a relatively high P ST estimate comparable with the bone plate numbers, and estimates were somewhat lower for both SGR-1 and LGR-1. Furthermore, the increased FA in these four traits did not appear to be a direct effect of loss in genetic variation alone as suggested as a possible mechanism by Pelabon et al. (2006) , because differences in asymmetry between upland and lowland populations remained significant after correction for genetic variation at neutral markers. Trait functionality and fitness consequences of asymmetry also seem to fail to explain this heterogeneity as the higher symmetry in structural plates P4 to P8, which we observe here as well, have been interpreted as evidence for a higher functional importance for structural integrity of predatory defences (Bergstrom & Reimchen, 2000) . Yet, as we find a similar increase in asymmetry for both the structural and the non-structural plates, a role of functionality of trait symmetry against predation in determining the changes in asymmetry between upland and lowland populations does not seem to be supported by our data. It could be argued that the lower asymmetry in the lowland populations is the result of a higher predation rate in more asymmetric individuals (Bergstrom & Reimchen, 2003) . However, the fact that both structural and non-structural plates showed a comparable increase in asymmetry in the freshwater populations (no significant interaction between the factor UP ⁄ LOW and trait, Table 4 ) indeed does not support a direct role of a decrease in predation risk in the observed increase in FA. An alternative mechanism for the increased asymmetry in bone plates in upland populations may be the limitation of calcium in the freshwater environment. This hypothesis was further supported by the positive association between size-corrected FA and the number of plates for P4P8 (r = 0.10, n = 896, P = 0.002), but not the other plates (P1P3: r = )0.18, n = 825, P < 0.0001; P9PN: r = )0.89, n = 30, P < 0.0001). Producing more plates appeared to result in an increased probability of asymmetric expression of the structural lateral plates. For the non-structural plates, it is possible that low plated fish with fewer armour plates simply have more scope for asymmetry because their sides are not fully covered with plates. Thus, the generally higher FA in plates in the upland populations is more likely attributable to factor(s) unrelated to the recent directional selection but it remains difficult to identify the exact mechanism. In conclusion, our data do not support a general increase in DI for traits under recent directional selection. This appears to confirm earlier experimental results in Drosophila (Pelabon et al., 2006) and theoretical arguments against the more traditional view that directional selection would generally act as a decanalizing force .
Associations between FA and genetic variation in traits under directional selection
The observed correlations between FA and genetic variation, a putative marker of inbreeding depression, suggest that FA has some predictive power to detect population-level stress in three-spined stickleback, and that selection history may shape the DI-stress associations. This interpretation critically depends on the assumption that our measures of genetic variation reflect levels of inbreeding and the expected associated loss in fitness. As many other authors have failed to find a correlation between FA and genetic variation or inbreeding at the individual level while they did at the population level (e.g. Hartl et al., 1995; Zachos et al., 2007) , sampling effect might play a role. For example, sampling of the genome may require at least 20 loci in samples of more than 100 individuals to attain sufficient statistical power (Slate & Pemberton, 2002) . Such conditions have come within reach with the latest developments in environmental genomics (e.g. Ellegren, 2008) and offer interesting perspectives for future studies of patterns at the individual level. Because at this point we scored only seven neutral markers, we restricted our analyses to population-level measures of FA and genetic variation. Nevertheless, it allowed to explicitly compare patterns between traits under directional selection or not and revealed significant differences between these two categories. We do not have any direct fitness estimates to confirm that the loss of genetic variation would indeed reflect stress and would result in inbreeding depression. Fitness is difficult to assess in the wild and the effects of reduced genetic variation may only become apparent in co-occurrence with other forms of stress (Lens et al., 2000; Amos & Balmford, 2001) . The fact that we observed a loss of about 50% in genetic variation can be regarded as a considerable reduction that likely has caused inbreeding depression in some populations. Indeed, a one-generation inbreeding experiment showed that brother-sister mating resulted in reduced fertilization success and survival in threespined stickleback (Frommen et al., 2008) . More generally, several studies have found associations between heterozygosity at putative selectively neutral markers and fitness (Reed & Frankham, 2003) . Nevertheless, results are heterogeneous and it is not clear what the underlying mechanism is (David, 1998; Thelen & Allendorf, 2001) . Even if fitness effects of the observed loss in genetic variation would be limited, associations with DI and FA could be predicted because FA has been proposed as an early warning mechanism which might already increase before severe fitness loss is observed (e.g. Lens et al., 2002b) . In the most unlikely situation, a reduction to zero genetic variation in our populations might still not result in a fitness reduction. In that situation, we only observed FA-MLH associations, which cannot be directly interpreted in relation to fitness. Nevertheless, increased levels of FA are also of interest in evolutionary processes because it can generate morphological variation, reveal the presence of otherwise hidden genetic variation and affect morphological changes during speciation (e.g. Badyaev & Foresman, 2000; Breuker et al., 2006) . Thus, increased levels of FA in genetically eroded populations may affect the evolutionary potential of these traits. It is important for the interpretation of the results that not all traits show the same strength of association between asymmetry and population-level genetic variation at neutral markers. More specifically, traits having experienced a recent evolutionary change appeared more sensitive to the presumed stress effects. This pattern could, for example, explain why Mazzi et al. (2002) did not find increased levels of FA in lateral bone plates after experimental inbreeding, because they studied a marine population in which the number of plates probably did not change much for long periods. It is also important to note that the associations were relatively weak, which could in part be due to the fact that only seven microsatellite markers were scored, but may also be an inherent property of the studied patterns. Furthermore, other factors, like water quality could affect levels of asymmetry as well, hereby weakening associations between FA and genetic variation.
Associations between genetic variation and asymmetry for the traits under directional selection appeared com-parable among traits as the estimated variance in slopes among traits equalled to zero. However, the power to detect between-trait variation was probably very low. Associations between genetic variation and asymmetry were relatively weak, and single-trait associations were only statistically significant for pelvic spines. Visual inspection of the association between the degree of correlation between MLH and FA and P ST (Fig. 5) suggest that there may also be a role for trait functionality since the correlation is relatively weak for P4P8. Such comparisons, however, will require a much higher number of populations.
We relied on phenotypic divergence (P ST ) relative to differentiation at neutral genetic markers (F ST ) to infer degrees of divergent selection. Such an interpretation is only valid under restricted and probably unrealistic assumptions (e.g. Raeymaekers et al., 2007) . Raeymaekers et al. (2007) were able to provide evidence of divergent selection between lowland and upland populations for plate number in the same study system by comparing the level of divergence at Eda, the gene underlying the development of the lateral plates (Colosimo et al., 2005) , with neutral genetic divergence. Several other studies have found indications that the rapid and parallel evolutionary changes in the threespined stickleback have a genetic basis (e.g. Hatfield, 1997; Peichel et al., 2001; Shapiro et al., 2004) and changes may be adaptive (e.g. Bergstrom & Reimchen, 2000 Marchinko & Schluter, 2007) . Thus, it seems warranted to conclude that the observed phenotypic differences between lowland and upland freshwater populations in our study area have a genetic basis, although the role of additive and non-additive effects may differ across traits.
Our results are not confounded by directional asymmetry, which may have a genetic basis, since levels of directional asymmetry were very small and only significant in one trait (Table 1) . It has been shown that the reduction of the length of the pelvic spine may be associated with the gene PitX1, which in turn causes directional asymmetry (Shapiro et al., 2004) . Our results might suggest that this gene is either not involved in the reduction of spine length in our populations, or that at least it hardly affects levels of directional asymmetry. Moreover, for the other traits, there is no evidence for a genetic tendency to be more asymmetrical in a particular direction.
We thus provide evidence of a role of recent evolutionary changes shaping associations between developmental instability and population-level genetic variation. Future studies will be required to confirm if this is a general phenomenon and to investigate if associations at the individual level are affected in a similar way. Finally, studies on the fitness consequences of the reduced genetic variation observed here will be required to elucidate the role of DI as a putative marker of genetic stress. 
